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bstract
An electric propulsion system is generally based on torque controlled electric drive and DC series motors are traditionally used
or propulsion system. Induction machines, which are reliable, low cost and have less maintenance, satisfy the characteristics of
he propulsion and reinstating the DC series motor. Field oriented control (FOC) of induction machines can decouple its torque
ontrol from field control which allows the induction motor to act like a separately excited DC motor. In this paper, the characteristic
ontrol of induction motor is achieved through appropriate design modification of induction motor by varying magnetizing current
o produce maximum torque in field weakening (FW) region. Thus to improve the torque capability of induction machine in FW
egion by varying machine parameters. The sensorless operation of the induction motor is carried out by adopting model reference
daptive system (MRAS) using sliding mode control (SMC) and a FW algorithm based on the voltage and current constraints. The
imulation of the induction motor drive models based on the design options have been carried out and analyzed the simulation
esults.
 2016 Production and hosting by Elsevier B.V. on behalf of Electronics Research Institute (ERI). This is an open access article
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
eywords: Field weakening; Induction machine; Model reference adaptive system; Sliding mode observer
.  Introduction
Propulsion system used in applications like electric vehicle, rolling stock and industrial floor material movement etc.,Please cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
equires high torque at low speeds for starting and climbing and nearly constant power at high speeds. The characteristic
or propulsion is achieved in DC series motor through construction and applying variable DC voltage. When compared
o DC motor, induction motor is rugged, reliable, lighter, low cost, and has less maintenance requirement. These features
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make induction motor an ideal candidate for propulsion, even in applications that demand a fast dynamic response.
Recent advancement in power electronics, microprocessor revolution and several new control technologies, such as
vector and direct torque controls made it possible to replace DC machines with induction motors in applications like
propulsion (Emadi et al., 2008).
The torque and speed in DC motor can be controlled independently by controlling armature current and field current
respectively which ensures that DC motor has good dynamic performance. A speed adaptive flux observer with an
adaptive compensator for the variation of the rotor resistance was proposed in Kubota and Nakano (1993). Based on the
model reference adaptive control theory, a speed estimator with pole placement in Gadoue et al. (2010) was developed.
Speed estimation by the output difference of the current model and voltage model was proposed in Jotten and Maeder
(1983). A speed and position estimator based on the introduction of a constant-frequency carrier signal in the stator
currents was developed in Dixon and Rivarola (1996). A novel estimation strategy for the very-low-speed operation
to estimate both the instantaneous speed and load disturbance torque using Kalman filter was proposed in Kim and
Sul (1996). In a sensorless drive, the speed could be accurately estimated through some sophisticated observer. A
novel model reference adaptive system type rotor speed estimator for the vector-controlled IM drive was designed in
Orlowska-Kowalska and Dybkowski (2010). Several observers are available: full order observers (Yamamoto et al.,
2004), methods based on the Extended Kalman Filter (Bolognani et al., 1999). State estimation can also be done using
sliding mode observers (Utkin, 1993) for the IM.
In propulsion purpose, the induction motor has to operate at speeds higher than the rated one, which is achieved
by field (flux) weakening. During the past two decades, several research papers were presented in order to achieve the
maximum torque capability of the machine in the FW region and suggested various approaches (Kim and Sul, 1995).
Constant power operation at high speeds is achieved through field weakening. The constant power region of operation
is very useful in traction, electric vehicles, and machine-tool spindle drives. Torque control in field weakening region
using FOC has been investigated in Abu Rub et al. (2012).
The FW approaches can be categorized as: (i) variation of stator flux in inverse proportion to the rotor speed (1/ωr);
(ii) feed forward reference flux generation on machine equations or machine models and (iii) closed loop control of
the stator voltage or voltage detection model. The first approach as presented in Shin et al. (2002), which is the most
frequently used one in FW control, the flux is established inversely proportional to the motor speed. The method
cannot produce maximum output torque for the available current nor the full utilization of DC-link voltage. The second
approach, as presented in Bunte et al. (1996), relies on the nonlinear equations of machine model and the constraints of
voltage and current, which makes it parameter dependent. Thus the method can provide accurate results only if magnetic
saturation is considered with known machine parameters of sufficient accuracy. The third approach as described in Lin
and Lai (2011), maximum available inverter voltage is utilized to produce maximum torque in FW region when the
excitation level is adjusted by closed loop control of the machine voltage.
In most of the approaches, maximum available inverter voltage is utilized to produce maximum torque in FW region
when the excitation level is adjusted by closed loop control of the machine voltage. Field weakening has to be done
without violating either current limit or voltage limit in such a manner that accelerating torque follows maximum
torque trajectory. Most commonly used methods of excitation control do not fully utilize the installed inverter power
which causes a reduction of torque and power down to 65%. Alternative methods are needed to produce the maximum
torque that the induction motor could possibly develop at FW region.
In this paper, a control strategy is developed for SVM inverter fed induction motor based on sensorless FOC scheme
in FW region. A novel idea is proposed to improve the torque capability in FW region by design modification of the
induction motor. The torque-speed characteristics of various design options are evaluated and compared by generating
simulation results by using MATLAB/Simulink. The paper is organized as follows: In the first section, the mathematical
model and FOC of induction motor are reviewed. In the next sections, implementation of SVM inverter with FOC in
sensorless operation and the FW control of induction machine are presented. Then, the design modification and design
options for induction motor are proposed. Thus to improve the torque capability of induction machine in FW region by
varying machine parameters. Finally, simulation results for evaluating the performance of the various design options
and discussions are presented.Please cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
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Fig. 1. Field oriented controlled induction motor drive system.
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.  Field  oriented  control  of  induction  machine
Space vector method can be used as a mathematical tool for the analysis of the electric machines and the complete
et of equations can be expressed in the stationary coordinate α–β  system as (Lakaparampil et al., 1996):
Vsα(t) =  Rsisα + d
→
ψsα
dt
(1)
Vsβ(t) =  Rsisβ + dψsβ
dt
(2)
0 =  Rrirα + dψrα
dt
+  ωr
⇀
ψrβ (3)
0 =  Rrirβ + dψrβ
dt
−  ωr
⇀
ψrα (4)
The machine torque, Td , can be expressed from the stator flux linkage and the stator current as:
Td = 23
P
2
Lm
Lr
(
ψsαisβ −  ψsβisα
) (5)
Rs—stator resistance, Rr—rotor resistance, Td—electromagnetic torque, ω—angular speed, p—number of poles,
r—rotor time constant, imr—rotor magnetizing current, ωslip—slip speed, ωe—rotor flux speed, σr—rotor leakage
actor.
Field oriented control of induction machine can decouple its torque control from field control to give dynamic
erformance comparable to the separately excited DC motor. Independent control of motor flux and torque can be
btained by this method and possible by connecting coordinate system with rotor flux vector (Leonhard, 1996).
igs. 1 and 2 show the block diagram of field oriented controlled induction motor drive system and d–q  reference
rame. Generally FOC is used for improving the dynamic performance of induction motor drives for propulsion. FOC
mplies the transition of coordinates from the stationary reference stator frame to rotating reference rotor frame (Nisha
t al., 2012a).
By applying the rotor flux-oriented control the rotor flux linkage exists on the d-axis only, thus the rotor flux linkagePlease cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
an be adjusted by controlling the d-axis stator current and thus the field orientation concept in rotating reference frame
an be written as:
ψrd =  ψr =  Lm (1 +  σr) ird +  Lmisd =  Lmimr (6)
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In induction motor mechanical speed is defined as the difference between rotor flux speed and slip angular frequency:
ωr =  ωe −  ωslip (7)
d
dt
ψrq + (ωe −  ωr) ψrd +  Rrirq =  0 (8)
The machine torque can be controlled by regulating the q-axis stator current and can be expressed in terms of load
torque as:
J
dωr
dt
= 2
3
P
2
Lm
(1 +  σr) imrisq −  TL (9)
3.  Sensorless  operation  of  induction  motor  based  on  MRAS-sliding  mode  control
Sensorless control of induction machine is now attracting wide attention, both in the field of electrical drives and in
the field of dynamic control. One of the most popular classes of observers is MRAS. This scheme computes a desired
state called as the functional candidate using two different models. In the rotor flux based MRAS the rotor flux is used
as an output value for the model to estimate the rotor speed. They are obtained in the stationary reference frame are
referred to as voltage model and current model respectively (Nisha et al., 2013a). The adaptive scheme for the MRAS
estimator is designed based on Popov’s criteria for hyper stability concept, this relate to the stability properties of a
class of feedback systems. This will result in a stable and quick response system where the convergence of the estimated
value to the actual value can be assured with suitable dynamic characteristics. Popov’s criterion of hyper-stability for
a globally asymptotically stable system is used in deriving the speed estimation relation (Nisha et al., 2013b). Fig. 3
shows block diagram of MRAS speed estimator.
The reference value of the rotor flux components in the stationary frame are generated from the monitored stator
voltage and current components given as:⎡
⎣
.
ψrα
.
ψrβ
⎤
⎦ = Lr
Lm
[
Vsα
Vsβ
]
−
[
Rs +  σLsp  0
0 Rs +  σLsp
]  [
isα
isβ
]
(10)
The adaptive model contains the estimated rotor speed, which represents the rotor equation and is usually known
as the current model. The adaptive values of rotor flux components are given as:
⎡
⎣
.
ˆψrα
.
ˆψrβ
⎤
⎦ = Lm
τr
[
isα
isβ
]
+
⎡
⎢⎢⎣
− 1
τr
−  ωˆr
ωˆr − 1
τr
⎤
⎥⎥⎦
[
ˆψrα
ˆψrβ
]
(11)
The error eω between calculated and estimated state variables is then used to drive an adaption mechanism whichPlease cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
generates the estimated speed. Fig. 4 shows MRAS representation as a non linear feedback system. The tuning signal,
eω actuates the rotor speed and can be represented as:
eω =  ψrβ ˆψrα −  ψrα ˆψrβ (12)
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SMC is one of the effective non linear robust control approaches since it provides system dynamics with an invariant
roperty to uncertainties once the system dynamics are controlled in the sliding mode. Sliding mode control is a control
trategy in variable structure system (VSS) in which a control law is designed so as to bring the system trajectory on
he sliding surface. The sliding mode control should be chosen such that the candidate Lyapunov function, V  which is
 scalar function of S  and its derivative satisfies the Lyapunov stability criteria as:
˙V  (S) =  S(x) ˙S(x) (13)
The control rule is written as:
u(t) =  ueq(t) +  usw(t) (14)
here, u(t) is the control vector, ueq(t) is the equivalent control vector and usw(t) is the switching vector and must be
alculated so that stability condition for the selected control is satisfied.
usw(t) =  ηsign(S(x,  t)) (15)
sign(S) =
⎧⎪⎨
⎪⎩
−1
= 0
+1
for
for
for
S  <  0
S  =  0
S  >  0
The switching control depends on the sign of the switching surface and η  is the hitting control gain which makes
13) negative definite, whose main purpose is to make the sliding condition viable and the value of η  should be large
nough to overcome the effect of external disturbance. This is attained when:
ωˆr =  ueq +  usw (16)
The drastic change of input is avoided by introducing a boundary layer with width, φ. By replacing sign(s) with
at(S/φ), then (15) becomes:
usw =  ηsat(S/φ) (17)
sat(S/φ) =
{
sign(S/φ)
(S/φ)
if  | (S/φ) |  ≥  1
if  | (S/φ) |  <  1 (18)Please cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
A natural solution to reduce the chattering in the estimated speed is by means of a Low-Pass Filter (LPF):
usw
′ = 1
μs  +  1usw (19)
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4.  Field  weakening  control  of  induction  motor
The field oriented control principle on AC motor take the advantages of transforming the variables from the physical
three phase a–b–c  system to a stationary coordinate α–β  or rotating reference frame d–q. In a separately excited DC
motor the excitation flux is controlled by varying the DC current through the field winding (Nisha et al., 2013d). In
order to increase the speed above the rated speed, the flux must be decreased or weakened while the voltage is kept
constant at rated value (Seung-Ki Sul, 2011). The induction motor operation can be divided into three speed ranges, (i)
constant electromagnetic torque region or base speed region, (ii) constant power speed region (FW-I) and (iii) constant
slip frequency region (FW-II).
In FW, due to slow variations of flux linkage and current, terms due to flux variation, current variations in the
stator voltage equations and the voltage drop due to the stator resistance can be neglected in FW region. To achieve
better overload capability of a controlled drive and to improve its dynamic performance, the maximum stator current
is usually set to a higher value than the rated machine current. The current vector is restricted to remain within in a
circle of diameter Ism. The maximum current to the machine is also limited and the current limit boundary is a circle,
whose radius depends only on the current rating Ism. The current constraint of the inverter can be expressed as follows,
Isd
2 +  Isq2 ≤  Ism2 (20)
The maximum phase voltage is decided by the PWM strategy and the available DC bus voltage. Space vector
modulation is a sophisticated PWM method that provides advantages such as higher DC bus voltage utilization and
lower total harmonic distortion (Holmes and Lipo, 2003; Nisha et al., 2012e,c,d,b). If the magnitude of the voltage
reference vector is lower than VDC/
√
3, the space-vector modulator produces sinusoidal output voltages, the voltage
limit ellipse equation as follows:
Vsd
2 +  Vsq2 ≤  Vsm2 (21)
The base speed in which the field weakening begins, is decided by the voltage and current constraints as:
ωb = Vsm
Ls
√
1
[σ2(Ism2 −  isd2) +  isd2]
(22)
In constant torque region, the output current of the inverter is equal to the limit value to prevent the magnetic
saturation of the induction machine, the output voltage is lower than the limit value and the rotor speed is less than
the rated speed. In constant power speed range as the output voltage and the output current of the inverter are equal to
the limit values, the speed increases beyond the base speed, the size of ellipse decreases and this region ends, above
which there is no more intersection point between the ellipse and circle. In constant slip frequency region (decreasing
power speed range) the voltage applied to the motor equal to the limit value and the motor current is lower than the
limit value due to the high back emf which prevents the inverter from injecting the maximum current into the motor.
5.  Design  modification  of  induction  motor
Existing constraints for the operation at field weakening are the maximum output voltage and the permitted maximum
current of the inverter. To produce the maximum torque that the machine could possibly develop, the excitation level of
field weakening must be appropriately adjusted. Most commonly used methods of excitation control do not fully utilize
the installed inverter power which can lead to a reduction of torque and power down to 65%. The innovative approach
proposed in this paper is to carry out appropriate design modification of the induction motor by varying the rated value
of power factor so as to explore maximum torque and power compared to its rated values. The main specifications
for the design of a three phase squirrel cage induction motor are: rated output power in HP or kW, frequency in Hz,
voltage in volts, speed in rpm, efficiency, power factor and full load current in ampere. The stator and rotor dimensionsPlease cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
are determined by independent variables which are: stator slot height, stator tooth width, rotor slot height, rotor tooth
width, air-gap length, air gap flux density, stack length, outer stator diameter, stator wire size and electrical steel type.
Besides the above independent variables, the design involves some non-linear constraints which concern mainly the
motor performances.
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Table 1
Machine parameters of design options for Case-1 (for 10 kW).
Parameters Design options Unit
A B C D
Full load output P 10.0 10.0 10.0 10.0 kW
Line voltage V 220 220 220 220 V
Full load current IL 32.4 36.4 41.6 48.6 A
Synchronous Ns 1500 1500 1500 1500 rpm
Rated torque Td 65 65 65 65 N-m
Frequency f 50 50 50 50 Hz
No. of poles Pole 4 4 4 4
Power factor pf 0.9 0.8 0.7 0.6
Efficiency η 89.4 88.5 87.6 86.1 %
Stator bore D 185 190 200 210 mm
Core length L 145 150 155 165 mm
Air gap length lg 0.53 0.54 0.55 0.57 mm
Diameter of conductors 1.80 1.90 2.06 2.12 mm
No. of turns/phase Ts 112 106 96 86 Nos.
Diameter of rotor Dr 184 189 199 209 mm
Area of rotor bar Abr 57 54 54 45 mm2
Magnetizing current imr 24.3 28.9 33.7 41.5 A
Table 2
Machine parameters of design options for Case-2 (for 30 kW).
Parameters Design options Unit
A B C D
Full load output P 30.0 30.0 30.0 30.0 kW
Line voltage V 220 220 220 220 V
Full load current IL 97.1 109.3 124.9 145.7 A
Synchronous speed Ns 1500 1500 1500 1500 rpm
Rated torque Td 195 195 195 195 N-m
Frequency f 50 50 50 50 Hz
No. of poles Pole 4 4 4 4
Power factor pf 0.9 0.8 0.7 0.6
Efficiency η 91.9 91.3 90.4 89.4 %
Stator bore D 260 270 280 295 mm
Core length L 205 210 220 230 mm
Air gap length lg 0.66 0.68 0.70 0.72 mm
Diameter of conductors 2.67 2.84 3.03 3.27 mm
No. of turns/phase Ts 56 52 48 44 Nos.
Diameter of rotor Dr 259 269 279 294 mm
Area of rotor bar Abr 85 79 73 67 mm2
Magnetizing current imr 56.8 63.2 64.5 66.9 A
m
m
D
a
sBased on the standard design procedure, design spread sheets are developed for three phase squirrel cage induction
achine. Design models are done for two cases namely, Case-1 and Case-2, for 10 kW and 30 kW respectively. Design
odifications are adopted for various options to modify torque speed characteristics to meet propulsion application.
esign options are generated by reducing the power factor and the options are named as Design-A, Design-B, Design-C
nd Design-D for power factors equal to 0.9, 0.8, 0.7 and 0.6 respectively. The design values obtained from the design
heet for the above design options are tabulated and presented in Tables 1 and 2 for Cases-1 and 2 respectively.Please cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
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Fig. 5. Block diagram of sensorless FOC induction machine using MRAS-SM speed estimator in FW region.
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6.  Simulation  results  and  discussion
The Simulink/MATLAB model for FOC induction machine with sensor using SVM inverter is developed in Nisha
et al. (2013c). The above model is extended from base speed region to FW region in Nisha et al. (2014a,b). Fig. 5
illustrates the simulation model for sensorless FOC induction machine using MRAS-SM speed estimator in FW region.
For comparing the performance of the design options, Design-A, Design-B, Design-C and Design-D, simulations are
carried out for these design options using the above model. In the simulation, the motor starts from a standstill state in
no load condition and the speed responses are shown in Fig. 6. From the results, it is clear that the rotor speed increases
from Design-A to Design-D, which means the rotor speed increases with the reduction in power factor. The maximum
attainable speed at 8 s after starting the machine, is increased from Design-A to Design-D in both cases as given in
Table 3.
Fig. 7 shows the variation of electromagnetic torque (p.u.) with respect to rotor speed (p.u.) for various design
options. Torque capability is improved in the FW region when the power factor decreases as demonstrated in Fig. 7
and Table 4.Please cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
Variation of power (p.u.) with respect to rotor speed (p.u.) is presented in Fig. 8 for the design options. In the constant
power region of the FW range, power increases from Design-A to Design-D, which implies that power increases with
ARTICLE IN PRESS+ModelJESIT-120; No. of Pages 12
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Table 3
Speed response at 8 s.
Design options ωr (rpm)
Case-1 Case-2
Design-A 4270 6973
Design-B 4430 7225
Design-C 4525 7335
Design-D 4885 7687
(a) case-1 (for  10 kW)       (b)  ca se-2  (fo r 30 kW) 
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Fig. 7. Torque vs. rotor speed.
Table 4
Torque capability (p.u.).
Design options ωr = 2.0 p.u. ωr = 3.0 p.u.
Case-1 Case-2 Case-1 Case-2
Design-A 0.309 0.292 0.201 0.196
Design-B 0.331 0.353 0.217 0.229
Design-C 0.350 0.405 0.234 0.271
Design-D 0.395 0.464 0.268 0.307
Table 5
Maximum power (p.u.).
Design options ωr = 2.0 p.u. ωr = 3.0 p.u.
Case-1 Case-2 Case-1 Case-2
Design-A 0.618 0.580 0.603 0.588
Design-B 0.662 0.706 0.651 0.687
D
D
t
a
c
pesign-C 0.700 0.810 0.702 0.813
esign-D 0.790 0.928 0.804 0.921
he reduction in power factor. Table 5 shows that increase of power for Design-D compared to Design-A is about 33%
nd 56% in Cases 1 and 2 respectively for rotor speed of 3.0 p.u.
The variation of rotor magnetizing current (p.u.) with respect to rotor speed (p.u.) is shown in Fig. 9. The magnetizingPlease cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
urrent curves for various design options are dissimilar in the entire speed range.
By observing the simulation results, it ensures that improvement of torque capability and power in FW region is
ossible by decreasing the power factor. As power factor decreases flux increases and torque improvement is obtained
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(a) case-1 (for  10 kW)         (b)  case- 2 (for  30 kW) 
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Fig. 8. Power vs. rotor speed.
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for wide range of speed. It is also observed from the above simulation results that better results can be achieved when
the power rating increases from 10 kW to 30 kW.
7.  Conclusions
The original contribution in this paper is an innovative approach to improve the torque capability of induction
machine in FW region by varying machine parameters rather than the conventional approach of maximizing the DC
link voltage. MATLAB/Simulink simulation models for field oriented controlled induction machine without sensor
using SVM inverter is used to operate various design options of induction machine for comparing the torque–speed
characteristics. The maximum attainable rotor speed and torque capability of FOC induction machine in FW region
are improved by decreasing the power factor of the induction machine from rated value. The maximum rotor speed
attainable is increased when the power factor is reduced. Toque capability is improved by 33%–56% in FW region,
when the power factor is reduced by 33%. Constant power in FW region is increased by 57% when the power factorPlease cite this article in press as: G.K., N., et al., Torque capability improvement of sensorless FOC induction machine in field
weakening for propulsion purposes. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.002
is reduced by 33%. Here field weakening I & II is used to get wide range of speed. As power factor decreases flux
increases and torque improvement is obtained for wide range of speed. In conventional normally two times the base
speed can be obtained, but in propulsion wide range of speed as high as four times the speed can be attained. In future
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ork, the robustness of the findings can be further investigated by hardware implementations and by generating the
xperimental results for ensuring the effectiveness of the proposed approach.
cknowledgment
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